The reaction of the oxidovanadium(V) complexes with N,N-dimethylhydrazine was demonstrated to afford the corresponding vanadium(V) dimethylhydrazido complexes. The substituent at the 3-position of the tris(2-hydroxyphenyl)amine ligand was found to influence the electronic environment of the vanadium center. The crystal structure of the non-substituted vanadium(V) dimethylhydrazido complex exhibited a distorted trigonal bipyramidal geometry with phenolate oxygen atoms in equatorial positions and the near-linear V(1)-N(2)-N(3) angle. The vanadium(V) diphenylhydrazido complexes could be obtained by the reaction of the oxidovanadium(V) complexes with N,N-diphenylhydrazine. A distorted trigonal bipyramidal geometry with phenolate oxygen atoms in equatorial positions was also observed in the crystal structure of the non-substituted vanadium(V) diphenylhydrazido complex.
Introduction
Much attention has been devoted to metal hydrazido compounds due to their intermediacy in dinitrogen activation. 1 In particular, most of the studies have focused on molybdenum hydrazido compounds because molybdenum is present in an active site of nitrogenases. 2 On the other hand, the biochemical roles of vanadium have gained growing interest which is related to the insulinomimetic ability of vanadium compounds 3 and vanadium-dependent haloperoxidases. 4 Although vanadium is known to be an essential constituent in certain nitrogenases, 1a-d,5 vanadium hydrazido complexes have attracted less attention. 6 We have already demonstrated that the substituents in the para position on the benzene rings of (arylimido)vanadium(V) complexes affect the nature of the imido bonds through π conjugation. 7 The coordination from the apical nitrogen in the (arylimido)vanadium(V) triethanolaminates was also performed to influence the electron donation from the imido nitrogen to vanadium metal. 8 The substituent effect of the basal ligand in the vanadium(V) hydrazido complex has not been investigated so far. From these points of view, we herein report the synthesis of the vanadium(V) hydrazido complexes with tris(2-hydroxyphenyl)amine ligands to reveal the influence of the apical nitrogen and the substituent of the tris(2-hydroxyphenyl)amine ligand on the vanadium center.
Results and discussion
The substituted tris(2-hydroxyphenyl)amines 2 were prepared by the deprotection of methoxy groups of the ligand precursors 1, which were synthesized by Ullmann-type reaction of the substituted 2-methoxyaniline with 1-iodo-2-methoxybenzene. The reaction of VO(O i Pr) 3 with the substituted tris(2-hydroxyphenyl)amines 2 in dichloromethane at room temperature afforded the corresponding oxidovanadium(V) complexes 3 as shown in Scheme 1. 9 The vanadium(V) dimethylhydrazido complexes 4 with the tris(2-hydroxyphenyl)amine ligand could be obtained by the treatment of the corresponding oxidovanadium(V) complexes 3 with N,N-dimethylhydrazine in dichloromethane at room temperature. 51 V NMR measurements were performed in order to clarify the substituent effect on the electronic environment of the vanadium species. The 51 V chemical shift of the non-substituted vanadium(V) dimethylhydrazido complex 4b was detected at 335 ppm. In the 51 V NMR spectrum of 4a with the electron-donating substituent, the 51 V chemical shift was observed at 328 ppm. In contrast, the electron-withdrawing substituent caused the 51 V chemical shift to higher frequency (4c: 381 ppm; 4d: 378 ppm). The substituent at the 3-position of the tris(2-hydroxyphenyl)amine ligand was found to influence the electron density of the vanadium center directly. A similar substituent effect was observed in the vanadium(V) diphenylhydrazido complexes 5 (5a: 164 ppm; 5b: 178 ppm; 5c: 206 ppm; 5d: 209 ppm), which were prepared by the reaction of the corresponding oxidovanadium(V) complexes 3 with N,N-diphenylhydrazine. 51 V chemical shifts of 5 were observed at the lower frequency compared to those of 4. The electron-withdrawing diphenyl substituent, in which the nitrogen atom of the imido bond becomes more electronegative to increase 51 V nuclear shielding, is considered to cause the 51 V chemical shift to the lower frequency. These results are consistent with those of the (arylimido)vanadium(V) trichlorides reported. 7, 8, 10 Structural characterization of the vanadium(V) dimethylhydrazido complex 4b was demonstrated by single-crystal X-ray structure determination to elucidate the influence of the coordination from the apical nitrogen on the vanadium center in the hydrazido structure (Table 1) . The important bond lengths and angles are listed in Table 2 . The crystal structure of 4b, in which two independent molecules exist in the asymmetric unit, exhibited the near-linear V(1)-N(2)-N(3) angles of 176.60(17) and 173.11(16)°w ith the V(1)-N(2) distances of 1.6891(19) and 1.6837(19) Å as shown in Fig. 1 , suggesting the high participation of an sp-hybridized character in the nitrogen of the imido bond. The geometry at the metal center is a distorted trigonal bipyramidal geometry with the phenolate oxygen atoms in equatorial a Two independent molecules exist in the asymmetric unit. The N,N-dimethylhydrazine-bridged dinuclear vanadium(V) hydrazido complex 4d-DMH-4d could be obtained by recrystallization of 4d in the presence of N,N-dimethylhydrazine. The structure of 4d-DMH-4d was confirmed by single-crystal X-ray structure determination. Table 3 shows the selected bond lengths and angles. The solid-state molecular structure reveals that two 4d units are bridged by N,N-dimethylhydrazine to form the 2 : 1 complex in anti-configuration as depicted in Fig. 2 . The 3-fluoro group on the benzene ring might decrease the electron density of the vanadium center, resulting in the coordination of N,N-dimethylhydrazine to the vanadium center to form a hexacoordinate geometry. This hydrazido complex 4d-DMH-4d showed the near-linear V(1)-N(2)-N(3) angles of 171.8(7) and 174.0(7)°with the V(1)-N(2) distances of 1.663(7) and 1.690(7) Å, respectively. The V(1)-N(7) distance (2.349(7) Å) is longer than that of the V(2)-N(8) bond (2.245(7) Å) probably due to the steric hindrance of the dimethyl moieties.
The structure of the vanadium(V) diphenylhydrazido complex 5b was also confirmed by single-crystal X-ray structure determination. The important bond lengths and angles are shown in Table 2 . As 5b crystallized in the space group P2 1 /n with Z = 8, two independent molecules exist in the asymmetric unit. The metal centers are distorted trigonal bipyramidal geometries with phenolate oxygen atoms in equatorial positions as shown in Fig. 3 . One molecule of 5b shows the V(1)-N(2)-N(3) angle of 173.7(4)°with the V(1)-N(2) distance of 1.683(4) Å, indicating the high participation of an sp-hybridized character in the nitrogen of the imido bond. This hydrazido structure is almost similar to that of 4b. The V(1)-N(2)-N(3) angle of 161.8(3)°with the V(1)-N(2) distance of 1.692(4) Å based on some contribution of an sp 2 -hybridized character in the nitrogen of the imido bond was observed in the crystal structure of another molecule as depicted in Fig. 3 .
Conclusions
In conclusion, the vanadium(V) hydrazido complexes with the tris(2-hydroxyphenyl)amine ligand were demonstrated to reveal the influence of the coordination from the apical nitrogen and the substituent of the tris(2-hydroxyphenyl)amine ligand on the vanadium center in solid and/or solution states. The coordination of the apical nitrogen to the vanadium center was performed to weaken the V-N multiple bond through the coordination from the apical nitrogen. The substituent at the 3-position of the tris(2-hydroxyphenyl)amine ligand was found to influence the electronic environment of the vanadium center directly. Further characterization of the hydrazido structures and the application of the vanadium(V) hydrazido complexes for catalysis are now in progress. 
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Experimental
General methods
All reagents and solvents were purchased from commercial sources and were further purified by the standard methods, if necessary. All manipulations were carried out under nitrogen. Melting points were determined on a Yanagimoto Micromelting Point Apparatus and were uncorrected. 1 H NMR and 13 C NMR spectra were recorded on a JEOL JNM-ECP 400 (400 and 100 MHz, respectively) spectrometer with tetramethylsilane as an internal standard. 51 V NMR spectra were obtained with a JEOL JNM-ECP 400 (105 MHz) spectrometer with VOCl 3 as an external standard. Mass spectra were run on a JEOL JMS DX-303 spectrometer.
Synthesis of 2-methoxy-3-methyl-N,N-bis(2-methoxyphenyl)-aniline (1a)
A mixture of 2-methoxy-3-methylaniline (549 mg, 4.0 mmol), 1-iodo-2-methoxybenzene (1.56 mL, 12.0 mmol), Cu (890 mg, 14.0 mmol), K 2 CO 3 (2.76 g, 20.0 mmol) and 18-crown-6 (137 mg, 0.52 mmol) in 1,2-dichlorobenzene (50 mL) was refluxed under Ar for 24 h. After cooling, the insoluble inorganic material was filtered off. 
Synthesis of 3-fluoro-2-methoxy-N,N-bis(2-methoxyphenyl)-aniline (1d)
A mixture of 3-fluoro-2-methoxyaniline (602 μL, 5.0 mmol), 1-iodo-2-methoxybenzene (1.95 mL, 15.0 mmol), Cu (1.05 g, 16.5 mmol), K 2 CO 3 (3.46 g, 25.0 mmol) and 18-crown-6 (172 mg, 0.65 mmol) in 1,2-dichlorobenzene (60 mL) was refluxed under Ar for 24 h. After cooling, the insoluble inorganic material was filtered off. The solvent of the resulting filtrate was removed under reduced pressure and the residue was chromatographed on a silica-gel column (eluent, hexanedichloromethane 1 : 1) to give the desired product 1d (1.3 g, 3.7 mmol) as a white solid. 
Synthesis of 2-hydroxy-3-methyl-N,N-bis(2-hydroxyphenyl)-aniline (2a)
To a dichloromethane (15 mL) solution of 2-methoxy-3-methyl-N,N-bis(2-methoxyphenyl)aniline (1a) (349 mg, 1.0 mmol) was added a 1 M BBr 3 in dichloromethane (3.0 mL, 3.0 mmol) solution under Ar at −78°C. The resulting mixture was stirred at −78°C for a few minutes. The mixture was allowed to warm to room temperature and was stirred for 3 h. 148.6, 133.5, 132.8, 128.6, 126.4, 125.5, 123.3, 121.7, 120.8, 117.4, 16 
Synthesis of 3-bromo-2-hydroxy-N,N-bis(2-hydroxyphenyl)-aniline (2c)
To a dichloromethane (15 mL) solution of 3-bromo-2-methoxy-N,N-bis(2-methoxyphenyl)aniline (1c) (207 mg, 0.5 mmol) was added a 1 M BBr 3 in dichloromethane (2.0 mL, 2.0 mmol) solution under Ar at room temperature. The resulting mixture was stirred at room temperature for 3 h. The resulting mixture was diluted with ethyl acetate and washed with water. After evaporation of the solution, the desired product 2c was isolated as a white solid (80 
Synthesis of 3-fluoro-2-hydroxy-N,N-bis(2-hydroxyphenyl)-aniline (2d)
To a dichloromethane (15 mL) solution of 3-fluoro-2-methoxy-N,N-bis(2-methoxyphenyl)aniline (1d) (353 mg, 1.0 mmol) was added a 1 M BBr 3 in dichloromethane (3.0 mL, 3.0 mmol) solution under Ar at −78°C. The resulting mixture was stirred at −78°C for a few minutes. The mixture was allowed to warm to room temperature and was stirred for 3 h. The resulting mixture was diluted with ethyl acetate and washed with water.
After evaporation of the solution, the desired product 2d was isolated as a white solid (168 mg, 0.54 mmol) by reprecipitation from ethyl acetate and hexane. 
Synthesis of oxidovanadium(V) complex 3c
A mixture of the tris(2-hydroxyphenyl)amine ligand 2c (186 mg, 0.50 mmol) and VO(O i Pr) 3 (118 μL, 0.50 mmol) was stirred in dichloromethane (15 mL) under Ar at room temperature for 3 h. After evaporation of the solution, the oxidovanadium(V) complex 3c was isolated as a blue-green solid (218 mg, 0.50 mmol) by reprecipitation from dichloromethane and hexane. 
Synthesis of oxidovanadium(V) complex 3d
A mixture of the tris(2-hydroxyphenyl)amine ligand 2d (156 mg, 0.50 mmol) and VO(O i Pr) 3 (118 μL, 0.50 mmol) was stirred in dichloromethane (15 mL) under Ar at room temperature for 3 h. After evaporation of the solution, the oxidovanadium(V) complex 3d was isolated as a blue-purple solid (184 
Synthesis of vanadium(V) dimethylhydrazido complexes 4a-d
A mixture of the corresponding oxidovanadium(V) complex 3 (0.10 mmol), N,N-dimethylhydrazine (15 μL, 0.20 mmol) and a small amount of MS4A (4 Å molecular sieves) was stirred in dichloromethane (10 mL) under an atmosphere of nitrogen in a drybox at room temperature for 2 h. 162.8, 137.5, 136.8, 130.7, 129.6, 126.0, 125.9, 123.4, 120.2, 119.9, 117.1, 43.7, 16 3, 161.9, 137.5, 137.0, 132.3, 129.2, 125.3, 124.6, 119.9, 119.8, 117.0, 110.6, 43.8 
Synthesis of vanadium(V) diphenylhydrazido complexes 5a-d
A mixture of the corresponding oxidovanadium(V) complex 3 (0.10 mmol), N,N-diphenylhydrazine (33 μL, 0.20 mmol) and a small amount of MS4A (4 Å molecular sieves) was stirred in dichloromethane (10 mL) under an atmosphere of nitrogen in a drybox at room temperature for 2 h. The resulting solution was filtered off, and the filtrate was evaporated under reduced pressure. The resulting red-purple solid was washed with hexane to give the desired vanadium(V) diphenylhydrazido complex 5. 149.4, 141.3, 137.8, 131.1, 130.1, 129.5, 129.4, 129.2, 126.8, 126.2, 123.6, 122.1, 120.9, 120.7, 120.1, 119.6, 118.0, 117 
X-ray structure analysis
All measurements for 4d-DMH-4d and 5b were made on a Rigaku R-AXIS RAPID diffractometer using graphite monochromated Mo Kα radiation. All measurements for 4b were made on a Rigaku R-AXIS RAPID diffractometer using filtered Mo Kα radiation. The structures of 4b, 4d-DMH-4d and 5b were solved by direct methods and expanded using Fourier techniques. All calculations were performed using the Crystal Structure crystallographic software package except for the refinement, which was performed using SHELXL-97. The non-hydrogen atoms were refined anisotropically. The H atoms were placed in idealized positions and allowed to ride with the C atoms to which each was bonded. Crystallographic details are given in Table 1 . Crystallographic data (excluding structure factors) for the structures reported in this paper have been deposited with the Dalton Transactions Paper
